Abstract-If two neutral density (ND) filters overlap partially, the luminance of the overlapping region is given by a multiplicative relationship (e.g., if the filters have 50% transmittance then on a 100cdm-2 background, the luminance of each filter would be 50 cd m-2 but the luminance of the overlapping region would be 50% of 50cdm-2, i.e. 25cdm-2). Does the visual system respect this relationship? Two grey rectangles were overlapped to form a 'cross' and the luminance of the intersection was randomly varied. Naive subjects' ratings of transparency showed a surprising consistency with physics. A similar relationship is seen if two moving square-wave gratings are superimposed. When the intersection luminances were close to the multiplicative (25cdm-2) case, component motion was seen, and values less than 25cdm-2 and higher than 50 cd m-2 caused a decline in perceived component motion. Two interpretations are offered. (a) The visual system has access to 'tacit knowledge' of transparency and shadows. (b) If you assume a log signal compression in the retina, then by multiplying the luminances you would null the Fourier energy from the 'blobs' (i.e. regions of overlap between the two gratings). This would prevent 'blob tracking' and lead to the perception of coherent motion. Since most researchers in the field had simply added the gratings linearly they would have inadvertently introduced extra Fourier energy in the blobs and this might account for all previous instances of coherent motion observed in such displays. Whatever the ultimate interpretation, the present results provide the first clear evidence that even the processing of certain primitive visual dimensions-such as motion-can be powerfully constrained by the perception of transparency (Ramachandran V. S. (1990) 
INTRODUCTION .
Since the time of Helmholtz it has been known that when resolving ambiguities in perception, the human visual system often seems to use rules which reflect a built-in knowledge of the physical world. How far does this knowledge extend? In this paper we present several displays which convey a striking impression of perceptual transparency. By manipulating the luminance ratios of different regions within the image we found that the visual system displays a surprising sensitivity to the physical parameters that govern transparency in the natural world. Our displays (e.g., Fig. 1 a and b) were very similar to those used by Metelli (1974) , Kanizsa (1979) , and Beck and Ivry (1988) , in their pioneering studies on the perception of transparency. Notice that Fig. 1 a looks like a vertical transparent bar placed in front of a horizontal one (or horizontal bar in front of vertical). Figure lb, on the other hand, does not convey an impression of transparency. This is consistent with physics, of course, since there is no circumstance under which the overlapping region could actually look brighter when a transparent bar is placed in front of an object. *To whom correspondence should be addressed. EMAIL: dplummer@ucsd.edu; vramacha@ucsd.edu To simplify the situation consider the case of two overlapping neutral density (ND) filters each of which attenuates light by 50%. If the background luminance is 100 cd m-2 then the luminance of the nonoverlapping regions of the filters would be 50 cd m-2 . In the overlapping region, however, the luminance would be 50% of 50 cd m -2 which is 25 cd m-2 (Fig. 2) . In the general case the intersection luminance for transparency is given by the formula L, x Lj / L2 where L, = bar luminance and LZ = background luminance (i.e. the relationship would be multiplicative rather than additive).
These values would hold only for 'pure' ND filters that attenuate light but do not have any reflectance of their own. For translucent filters that reflect as well as transmit light (e.g., two frosted glass plates or pieces of velum) the value for the overlapping region can exceed 25 cd m-2 but can never exceed 50 cd m -2. If it equals 50 cd m-2 the overlapping region would have the same luminance as the bars and this would correspond to 'occlusion' rather than transparency. Values exceeding 50cdm-2 (or less than 25 cd m-2) on the other hand, are compatible with neither transparency nor occlusion which is why Fig. lb just looks like five adjacent squares rather than two overlapping transparent rectangles or bars.
This analysis of the physics of transparency is much more simple and straightforward than the one proposed by Metelli (1974) and Beck and Ivry (1988) but it is not incompatible with their formulation of the problem. The question we raise in this paper is how faithfully does the perception of transparency adhere to these principles? For instance, does the visual system respect the multiplicative relationship outlined above? Would optimum perceptual transparency correspond, at least vaguely, to optimum physical transparency? Figure 3 . Perception of transparency depends on the luminance of the overlapping region. In each stimulus, the luminance of the bars remains the same, but the luminance of the overlapping region increases progressively from (a) to (h). Example (d) is the case of perfect multiplicative transparency.
TRANSPARENCY IN STATIONARY IMAGES
To answer this question we did the obvious experiment of asking subjects to 'rate' transparency while. varying the luminances of different regions within the display. An example of such a series of stimuli is shown in Fig. 3 a-h. Notice that the luminances of the bars and of the background are held constant but the luminance of the overlapping region increases progressively for Fig. 3a -h. The figure corresponding to 'pure transparency ' (i.e. L, x in this display is in fact Fig. 3d (which corresponds to the 25 cd m -2 case in the example we discussed above). Luminances below this value (i.e. 3a to 3c) and higher than 3d (which corresponds to the 50 cd m-2 case) are incompatible with physics and should also negate the perception of transparency. A casual inspection of Fig. 3 reveals that is indeed true-at least roughly. Most subjects usually rate Fig. 3d as looking the most transparent and rarely see Fig. 3a and b or g and h as transparent. A formal experiment along these lines was conducted on seven naive undergraduate students. They were unaware of the purpose of our experiment and were also ignorant of the physics-as indeed most of our undergraduates are. The stimuli shown in Fig.  3 were presented to the subjects in random order. They were generated using a Datel PC and displayed on a Zenith 1490 Flat Technology CRT screen. The graphics were driven by a Paradise 1024 VGA card. The stimuli consisted of two rectangles which overlapped one another perpendicularly to form a 'cross'. Each had dimensions of 1.2 by 3.9 deg of visual angle on the screen; thus the overlapping region had dimensions of 1.2 by 1.2 deg of visual angle. Subjects viewed the stimuli binocularly. There was no time limit for response, and reaction times were not measured. Before the experiment began the subjects were shown two actual examples of transparency-a pair of Kodak ND filters placed over a sheet of white paper and partially overlapping each other and two sheets of velum overlapping each other. It was explained to them that these were both examples of 'transparency'
and that we would attempt to mimic this effect on the CRT screen. They were then asked to rate the 'strength' or vividness of Notice that the graphs for transparency ratings show a surprising consistency with the physics. The curve is non-monotonic, as one would expect, and transparency ratings show a precipitous decline to the left of A and to the right of B. 'Optimum transparency' is seen, however, for values that are slightly to the right of A, that is values corresponding to translucent surfaces rather than a pure ND filter. In Fig. 5 the luminance of the bars was chosen to be much higher (56 v 35 cd m-2) and consequently the entire curve is shifted to the right. As one would expect, points on the graph that are fairly close to the value L, x Ll / L2 yield the highest transparency ratings for both graphs. A second experiment was conducted on an additional six subjects. The difference between this experiment and the previous one was that instead of giving the two rectangles (simulating the ND filters) the same luminance, they had different luminances. One rectangle had a luminance of 33 cd m-2, while the other had a luminance of 65cdm ?.
The background luminance was held constant at 98 cd m-2. The instructions and procedures were identical, and the results are shown in Fig. 6 . Notice the sharp decline of transparency ratings near the central region of the graph. This 'trough' corresponds to the region of occlusion, where the dark rectangle appears to occlude the light one. Transparency is seen on either side of this value consistent with what we observed in Fig. 4 . So the visual system seems to incorporate 'knowledge' of transparency when interpreting the visual scene. But what use is such a mechanism, given that transparent and translucent objects are not such a common occurrence in nature? One possibility is that the system has evolved mainly to cope with shadows rather than transparency per se. A cast shadow of a tree falling on any reflectance edge behaves exactly like a neutral density filter and the visual system seems to 'know' this. This is fortunate, of course, because it would allow the visual system to discount shadows when segmenting the visual scene into objects. Otherwise, every time you walked across a cast shadow you might waste time gingerly stepping over it to avoid tripping!
TRANSPARENCY IN MOVING IMAGES
These results on the perception of transparency are also consistent with some recent work we have been doing on the 'aperture problem' in motion perception. Consider a square-wave grating moving behind a circular aperture. Although the retinal image motion of the grating is in fact compatible with a whole family of vectors subjects usually report seeing motion at right angles to the grating (Wallach and O'Connell, 1953) . On the other hand, if two moving gratings of different orientation are superimposed on each other (e.g., at a 90 deg angle) the gratings usually cohere and move in a single direction ('pattern motion'). They usually do not slide past each other with each grating moving orthogonal to its own orientation ('component motion'). One explanation for this might be that the visual system computes the locus of vectors for each grating separately and then simply uses the intersection of loci to determine the velocity of the moving plaid (Adelson and Movshon, 1982) . Notice, however, that the intersections (blobs) of the two gratings move unambiguously in a single direction. Is it possible that the reason subjects see coherent motion is not because of the 'intersection of loci' but because the unambiguous motion of the blobs captures the motion of the gratings-a phenomenon that would be analogous to motion capture (Ramachandran and Inada, 1985) . Although this possibility-'blob tracking'-has been considered in the past there have been very few attempts to actually rule it out as an explanation. To explore the role of the intersections we decided to vary the luminance of the intersections alone while keeping that of the gratings constant (Ramachandran, 1989; Ramachandran and Rogers-Ramachandran, 1989 ). What we found was that there was a range of luminance values for the intersections for which the gratings looked transparent and appeared to slide past each other ('component motion') and pattern motion was no longer seen (Ramachandran, 1989; Stoner et al., 1990) . The graph we obtained for component motion (Figs. 7 and 8) looked rather similar to the one shown in Fig. 4 . We concluded, therefore, that 'component motion' is perceived when the luminance at the bar-grating's overlapping region is such that it is in accord with the luminance transparency conditions discussed in this paper; 'pattern motion' is perceived when these conditions are violated.
Two kinds of explanations can be offered to account for our findings and they are not mutually exclusive. The first explanation would be in terms of 'natural constraints' that incorporate tacit knowledge of the physics of transparency. As pointed out earlier the multiplicative relationships we observed are compatible with two overlapping ND filters (or a cast-shadow falling on a reflectance edge). The visual system might incorporate this knowledge to first segment the scene into two separate 'objects' before it decides whether to apply the intersection-of-loci algorithm or not (i.e. the algorithm is applied only if the output of this earlier stage signals 'one object' rather than 'two objects'). The second explanation would be in terms of 'global' Fourier components. If the luminance of the intersections is altered then there would be some settings at which there would be extra Fourier components corresponding to the blobs. Perhaps it is the unambiguous motion of these components that 'captures' the motion of the two gratings. This theory would predict, however, that maximum up to the point of 'occlusion' (90 cd m-2 ). Notice that component motion is most likely within a region roughly centered on the transparency zone. component motion should be seen when the two gratings are simply added linearly since there would then be zero Fourier energy at the blobs, but our findings suggest that the grating luminances should be multiplied (i.e. L, x L, /L2 where L, is grating luminance and L2 is background luminance). One way of rescuing the Fourier idea however would be to assume that a significant logarithmic signal compression occurs in the retina.' Since multiplying luminance is the same as adding log luminance, our findings are precisely what one would predict from a Fourier model (Ramachandran, 1991) .
In addition to the global Fourier components (connecting the 'blobs'), it should be borne in mind that there is also a second potential source of local Fourier components arising from the edges of the intersections themselves. If these local components were involved in generating this phenomenon, however, one would expect maximum component motion to occur at zero contrast for the intersections, i.e. at the point corresponding to occlusion. But, as we have seen, this is not the case (Figs 7 and 8) , and we may conclude, therefore, that these edges are probably not responsible for the coherent motion which is seen in our displays (Stoner et al., 1990) .
Whatever the interpretation of our findings, they underscore the critical importance played by the blobs in generating pattern motion. Other investigators in this field may have missed this point because they were simply adding the two gratings and not varying the intersection luminances independent of the gratings. Only by doing this can one null the blob Fourier components and induce an impression of transparency. Indeed our results raise the possibility that all previous reports of pattern motion may be a consequence of 'blob tracking' rather than 'intersection of loci'. Since most researchers simply added the two gratings linearly, they would have inadvertently introduced extra Fourier energy at the intersections. We hasten to add that the two interpretations we have suggested-one based on the physics of transparency and one based on Fourier components-should be regarded as complementary rather than mutually exclusive explanations. Indeed, the perception of transparency even in stationary displays need not be 'cognitive' or 'top-down' and may be based, instead, on relatively dumb front-end mechanisms. The system may have 'learned' through trial and error that zero Fourier energy of the overlapping regions implies transparency (or shadows). The presence of inappropriate energy, on the other hand, would tend to minimize the impression of transparency. In summary, we find that certain visual displays can be created that convey a vivid impression of transparency, if the luminance ratios are appropriate, and this is well in accord with the earlier work of Metelli (1974) and Beck and Ivry (1988) . More interesting, perhaps, is our observation that the perception of transparency seems to mimic physics to a surprising extent. Specifically, optimal transparency is perceived when the luminance of the central square is adjusted according to the formula L, x L, / L2 (L, the luminance of 'foreground' rectangles; L2 the background luminance) and this is precisely what one would expect from physics. We conclude that the visual system must incorporate a surprising amount of tacit knowledge about the physics of transparency (Ramachandran, 1989; Ramachandran and Rogers-Ramachandran, 1989; Nakayama et al., 1990; Stoner et al., 1990) . The emphasis here is on the word 'tacit'. It is entirely possible, of course, that a set of relatively dumb front-end mechanisms or 'heuristics' (Ramachandran, 1991) could mimic the effects of transparency; one does not necessarily have to invoke high-level cognitive mechanisms to explain these findings.
Finally, our demonstration that perceived transparency can constrain the solution to an aperture problem (Ramachandran, 1990; Stoner et al., 1990 ) is the first report that even an 'early' visual process-such as motion--can be influenced by transparency. More recently, we (and others) have 'shown that a variety of other visual processes such as stereopsis (Nakayama et al., 1991) and perceptual grouping (Ramachandran, 1990; Watanabe and Cavanagh, 1991) can also be powerfully constrained by perceived transparency. In the light of these intriguing findings, it would be of interest to see if the response of single units at various points along the visual pathway (e.g., MT, V4) can also be modulated in a predictable manner by the presence or absence of transparency in the image.
